1000

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 44, NO. 7, JULY 1996

A Simple Feed Model that Reduces
Time Steps Needed for FDTD
Antenna and Microstrip Calculations
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Abstract—The finite-difference time-domain (FDTD) method is
being widely applied to antenna and microstrip calculations. One
aspect of this application is accurately and efficiently modeling
antenna and microstrip feeds within the constraints of FDTD
approximations. Several relatively straightforward approaches
have been suggested, including gap and frill feeds. More com-
plicated approaches, which involve including the coaxial feed
cable in the FDTD calculation space, have also been suggested.
A related aspect is the desirability of reducing the number of
time steps required for FDTD calculations to converge, especially
for transient excitation. In this paper we illustrate that for many
geometries a simple gap model with an internal source resistance
provides accurate results while greatly reducing the number of
time steps required for convergence.

1. INTRODUCTION

HE finite-difference time-domain (FDTD) method [1],
[2] has become an increasingly popular approach for
analyzing the electromagnetic performance of antennas and
microstrip devices. With transient excitation, it provides
impedance and scattering parameters over a wide frequency
band with one calculation and application of the fast Fourier
transformation (FFT). One difficulty with FDTD is that for
some applications, tens or even hundreds of thousands of time
steps may be required for the transient fields to decay.
Previous authors have used different approaches to try
to reduce the number of required time steps. In [3], for
example, the transient excitation source for a microstrip line
is located near the FDTD outer boundary. After the transient
source amplitude has fallen to zero, the source is removed
and replaced with the FDTD absorbing boundary. While this
approach reduced the number of time steps needed, it is
awkward to apply for general geometries. It also requires
that the feed location be far enough from any geometrical
features so that no reflections return to the feed location before
the source is removed and the outer absorbing boundary is
switched on.
A related approach has been applied to antennas with
coaxial cable feeds. Rather than introducing an absorbing
boundary during the calculation, a portion of the coaxial cable
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terminated in an absorbing boundary is included in the FDTD
calculation [4], [S] explicitly. The absorbing boundary helps
dissipate energy reflected back to the source. In [5] it is
claimed that this approach is preferable to the gap source
described in [6] since the source fields decay more rapidly
with the explicit coaxial feed. Of course, the inclusion of the
coaxial line in the FDTD calculation is more cumbersome
than the simple gap-feed approach.

A more complicated approach is to apply signal processing
methods to predict the voltages and currents at later times
from the results computed for early times. Instead of making
FDTD calculations for the full number of time steps required
for transients to dissipate, one might make actual FDTD
calculations for some fraction of this total number of time
steps, and use these results to predict those for the later times.
A number of papers advocating variations of this approach
have appeared. Two recent ones are [7] and [8], and there are
a number of earlier attempts cited in these.

Applying the various prediction methods adds additional
complexity to the FDTD calculation process. The prediction
methods are complicated, and may require care and skill by the
user to obtain accurate results. Most of the methods described
require the user to determine the order of the prediction
process, related to the number of terms of whatever expansion
function is used to approximate the FDTD time signal. A poor
choice for the order of the prediction model can result in large
prediction errors.

In this paper, we present an extremely simple extension to
the gap feed described in [6]. This feed reduces the number
of FDTD time steps needed for many resonant antenna and
microstrip calculations. The approach is based on using a
source with an internal resistance to excite the problem. Sev-
eral previous authors have considered using resistive voltage
sources. An internal source resistance was used in [9] for
excitation of microstrip patch antennas. Active and passive
lamped elements in two-dimensional (2-D) FDTD calculations
were discussed in [10]. Methods for including lumped loads in
three-dimensional (3-D) FDTD (including nonlinear lumped
loads) were described in [11] and again in [2]. The source
voltage for a voltage source with a source resistance in parallel
with the free space capacitance of the FDTD cell is given in
[12, (7b)]. However, in none of these papers was an illustration
of the advantages of using an internal source resistance in
reducing FDTD calculation time presented.
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Fig. 1. FDTD source with source resistance R,.

In the following sections of this paper, an approach for
including the source resistance will be presented and an
example calculation for a microstrip antenna will be used to
illustrate the resulting reduction in FDTD calculation time.

II. RESISTIVE SOURCE FDTD EXCITATION

FDTD antenna or microstrip transient calculations are often
excited by a “hard” voltage source such as described in [2],
[6]; that is, the internal source resistance is zero ohms. These
sources are very easy to implement in an FDTD code. The
electric field at the mesh edge where the source is located
is determined by some function of time rather than by the
FDTD update equations. A common choice is a Gaussian
pulse, but other functions may be used. The Gaussian pulse
is significantly greater than zero amplitude for only a very
short fraction of the total computation time, especially for
resonant geometries such as many antennas and microstrip
circuits. Once the pulse amplitude drops the source voltage
becomes essentially zero, the source effectively becoming a
short circuit. Thus, any reflections from the antenna or mi-
crostrip circuit which return to the source are totally reflected.
The only way the energy introduced into the calculation space
can be dissipated is through radiation or by absorption by
lossy media or lumped loads. For resonant structures, there
are frequencies for which this radiation or absorption process
requires a relatively long time to dissipate the excitation
energy. Using a source with an internal resistance to excite
the FDTD calculation provides an additional loss mechanism
for the calculations.

Consider that it is desired to excite an FDTD calculation
with a voltage source that corresponds to an electric field £ in
the z direction at a certain mesh location i;Ax, js Ay, ksAz,
described using the usual Yee notation. The corresponding
equivalent circuit for a voltage source which includes an
internal source resistance R, is illustrated in Fig. 1. If the
source resistance R, is set to zero then the usual FDTD electric
field at the source location is simply given by

E{(is, s, ks) = Vs(nAt)/Az. (1)

V, is any function of time—often a Gaussian pulse.

However, with the source resistance included, the calcu-
lation of the source field E7(is, js, ks) at each time step is
complicated slightly. To determine the terminal voltage V' of
Fig. 1 and, thus, the FDTD electric source field E” (is, js, ks ),
the current through the source must be determined. This can
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Fig. 2. Geometry of microstrip patch antenna from [3] (all dimensions in
mm).
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Fig. 3. Detail of staircased FDTD mesh transition from the electric
field-source location to the full width of the microstrip feed to the patch
antenna.

be done by applying Ampere’s circuital law, taking the line
integral of magnetic field around the electric field source
location. The current through the source is then given by

‘[:*1/2 = (H:_1/2(isvjs - 1, k's) - H:_l/z(ib‘?jﬁ?ks))A‘T
n—1/27. - —1/2/. 4
+ (Hy ™2 (s, o k) = Hy =2 (15 = 1, s, e)) Ay
@)

so that by applying Ohm’s law to the circuit of Fig. 1 the
electric source field is given by
E™(ig, o, k) = Va(nAt)/Az + IPY2R Az (3)

If R; = O in this equation, then the usual hard-voltage
source results.

The 1/2 time-step offset between the current and voltage
used in the application of Ohm’s law to determine the terminal
voltage has not been observed to introduce any appreciable
error into the FDTD impedance calculation. As an indication
of this, in usual practice, the complex Fourier transforms of
the source voltage and current are divided to produce the
impedance without any correction needed for the 1/2 time step
offset between them. However, the source resistance cannot be
made too large or instabilities can occur due to neglecting the
displacement current through the FDTD cell containing the
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Fig. 4. Patch antenna source voltage V' with source resistance Rs = 0. Only the early time steps are shown.

source. If this is a problem, then the source resistance can be
reduced, or the capacitance of the FDTD cell can be included
as discussed in [11], [2] or as in [12, (7b)].

The value of the internal resistance does not appear to be
critical. A reasonable choice for R, is to use the value of
the characteristic impedance of the transmission line, coaxial
cable, or microstrip, depending on the particular antenna
geometry.

IiI. EXAMPLE

To illustrate the advantage of using a source with an internal
resistance, S1; versus frequency for a rectangular microstrip
antenna over a dielectric substrate will be calculated. The
geometry is similar to that shown in Fig. 3 of [3]. The only
difference is that the 50 Ay long feed line (2.46-mm wide
in Fig. 2) is reduced to 10 Ay in the example calculation
done here. Thus, the feed location now coincides with the
reference plane for phase in [3]. This allows the FDTD
space to be smaller, reducing calculation time and memory
requirements. The microstrip antenna is located on a 0.794-
mm thick dielectric substrate of relative permittivity 2.2 over
a ground plane. The cell sizes used are Az = 0.389 mm, Ay =
0.40 mm, and Az = 0.265 mm, the same as in [3]. However
the time step used is 0.6407 picoseconds, larger than the 0.441
picosecond time step used in [3]. The problem space size is
69 x 80 x 18 cells. The antenna is fed using a z-directed
electric field just above the ground plane and directly below
the end of the stripline as marked in Fig. 2. This electric field-
source location is then transitioned to the end of the microstrip
feed line by additional FDTD mesh edges of perfect conductor
as shown in Fig. 3. In Fig. 3 the perfectly conducting ground

plane is at the bottom, the dielectric substrate is shown as
unfilled squares, the mesh edge where the electric field feed
is located is shown as an arrow, and the conducting meshes
are shown filled. The stair-stepped transition from the electric
field feed (arrow) to the microstrip line at the top of Fig. 3 was
used to provide a relatively smooth connection from the single
electric feed location to the microstrip. No comparisons were
made with other possible feed geometries. The outer boundary
is second order stabilized Liao [13], [14] except for the z = 0
surface which is the perfectly conducting ground plane.

For the first set of calculations the source resistance R,
was set to O ohms, which corresponds to the typical FDTD
hard source. The source voltage V' which determines the
FDTD source electric field versus time is shown in Fig. 4. For
the hard source with no internal resistance, this is of course
just the Gaussian pulse. The corresponding source current /g
calculated by FDTD is shown in Fig. 5. This calculation was
made for 128000 time steps, and still the current has not
completely dissipated.

The corresponding calculations with a source resistance
R, = 50 Ohms are shown in Figs. 6 and 7. The same Gaussian
pulse Vs was used for both calculations. The source voltage
V shown in Fig. 6, determined by saving the source electric
field versus time, is no longer just the Gaussian pulse since the
voltage across the source resistance R is also included. The
source current /; converges much faster to zero amplitude,
reducing the FDTD calculation time by a factor of 32. Indeed,
it appears from Fig. 7 that fewer than 4000 time steps would
be sufficient.

What about accuracy? Using the results from both FDTD
calculations, shown above, the source voltages and currents
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Fig. 5. Patch antenna source current [s with source resistance R, = 0, 128,000 time steps.
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Fig. 6. Patch antenna source voltage 1" with source resistance R, = 50 ohms. All 4000 time steps are shown.

are Fourier transformed using an FFT with the same number stripline characteristic impedance Zj, as in [3], was taken to
of terms. The results for V' and I, for 4000 time steps be 50 Ohms. Then S1; = (Zin — Z0)/(Zin + Z0).

were padded with zeroes to fill the FFT. Then the resulting The results obtained for both calculations are shown in
complex voltages and currents were divided at each frequency Fig. 8. The agreement between the two calculations is ex-
to determine the input impedance Z;, at the feed location. The cellent, with the 4000 and 128000 time-step curves being
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Fig. 7. Patch antenna source current [, with source resistance Rs = 50 Ohms. All 4000 time steps are shown.
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Fig. 8. Return loss parameter 51| for both FDTD patch antenna calculations of this paper compared with calculations and measurements from [3].

indistinguishable for most of the plot. The result obtained with  result with the 50 Ohm source resistance required 1/32 of the
Rs = 50 is actually more accurate at the lower frequencies. computation time of the calculation made with the hard source
The result with B; = O still has not quite converged after with s = 0. Both results agree well with the measured and
128000 time steps, and this causes the ripple in the corre- calculated results of Sheen er al. [3], which are also shown in
sponding low frequency Spi1 results. More importantly, the Fig. 8. The major discrepancy appears to be in predicting the
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depths of the nulls, with the results obtained in this paper
agreeing somewhat better with the measurements than the
calculated results given in [3]. Even with the longer stripline
feed and removal of the source, the FDTD calculations of [3]
required 8000 time steps, twice the number as with the 50
Ohm source resistance.

While very impressive reductions in the number of time
steps necessary for convergence have been demonstrated for
this geometry, there remain many situations where the signal
processing methods such as those described in [7], [8] may
be very advantageous. For the source resistance to absorb en-
ergy, and thus increase the dissipation rate, the corresponding
current must pass through the resistance. This may not happen
for more complicated geometries such as two-port microstrip
circuits. The number of time steps needed for convergence
is not appreciably reduced by including lumped resistances in
both ports of the edge-coupled bandpass filter (shown in Fig. |
of [8]) since current flowing on the central conductor does
not flow through either of these resistances. Signal processing
methods can be applied to FDTD calculations with plane-wave
excitation, while the source resistance approach of this paper
cannot.

IV. CONCLUSION

A simple approach for reducing the number of time steps
required for FDTD calculations for resonant antennas and
microstrip has been presented. It requires no additional mem-
ory, and is simple to implement. No time-varying calculation
parameters, complicated post processing, or explicit modeling
of a coaxial feed cable is required. For the highly resonant
microstrip example shown, accurate results were obtained
with 1/32 of the calculation time compared with the FDTD
calculation excited by a *“hard” voltage source.
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